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Abstract
The occurrence of methyl tert-butyl ether (MTBE) in water supplies has become a
growing concern since its introduction as an oxygenated fuel additive in 1990.
Currently, traditional separation techniques used in the removal of organics are not
efficient for the removal ofMTBE due to its low reactivity and high affinity toward
water. An alternative method for the removal ofMTBE from water is needed.
An innovative technology for the removal ofMTBE is studied using a solid acid
catalyst to degrade MTBE through hydrolysis and dehydrogenation reactions to
produce tert-butyl alcohol, methanol, and possibly isobutene. The solid acid
catalyst used is Nation, consisting of a perfluorinated backbone and sulfonic acid
sites. Nation has surface acidity similar to 100% sulfuric acid and therefore could
serve as a catalyst for hydrolytic and oxidative reactions. The backbone ofNation
has been found to adsorb organics, which hinders the reactivity ofthe Nation. A
form ofNafion entrapped in silica has been found to be a good catalyst. This form
ofNation, Nation SAC 13 has a high surface area and reactivity. The reaction of
MTBE to form tert-butyl alcohol and isobutene has been found to be a reversible
reaction, and the reaction can take place in oxic and anoxic conditions. In batch
experiments, equilibria were achieved and observed equilibria constants have been
found close to the theoretical equilibrium calculated from thermodynamic data.
Through improved understanding ofMTBE transformation by Nafion, the prospect
1
appears very good for applying Nation as an effective catalyst for MTBE and many
other recalcitrant organic contaminants in water.
2
Chapter 1
Introduction.
1.1 Background
Methyl tert-butyl ether (MTBE) is used as an oxygenated fuel additive in gasoline
to reduce air pollution. The 1990 Clean Air Act Amemdments mandate the
oxygenated fuel be used in 10 areas where the National Ambient Air Quality
Standards are exceeded for carbon monoxide and ozone emissions (U.S. EPA,
1998a).
MTBE is recently becoming a major concern for drinking water quality primarily
due to leaking underground storage tanks. A survey conducted in 1993 and 1994
found that MTBE was the second most commonly detected contaminant in ground
water aquifers (Squillace, 1996). MTBE is highly soluble in water and does not
partition into soil easily. Therefore, it moves rapidly through aquifers with a high
degree ofdispersion. Furthermore, due to MTBE's persistence and high solubility
in water, conventional separation techniques for the removal oforganic
contaminants are not efficient at removing MTBE.
Currently, the toxicity ofMTBE has not been quantified but the EPA has labeled it
as a potential carcinogen. Due to the potential toxicity as well as taste and odor
3
concerns, the EPA has set a drinking water advisory of20-40 J.lg/L. However,
contaminated water can rarely be treated to this level due to the lack oftreatment
technologies.
1.2 Purpose of Research
The purpose ofthis research is to catalytically degrade MTBE in water using a
solid acid called Naflon. Naflon is produced by Dupont and available in a number
ofdifferent forms. Forms ofNaflon to be tested are Naflon NR50 Resin, Nation
417 Perfluorinated Membrane, Nation coated sand (synthesized at Lehigh
University), and Nation SAC 13 (a silica Nation nanocomposite).
The degradation ofMTBE is achieved via hydrolysis and dehydrogenation
reactions to form methanol, tert-butyl alcohol (TBA) and isobutene. It will be
shown that acetone is a product ofan oxidation reaction, most likely the oxidation
of isobutene. Finally, thermodynamic analysis based on the theory ofGibbs free
energy change will be used to compare theoretical equillibrium values to those
obtained in the lab.
The results of this research will be compared to existing technologies for the
remediation ofMTBE in water. It will be shown that acid catalyst is an efficient
removal alternative compared to traditional removal techniques such as carbon
adsorption and air stripping.
4
Chapter 2
History of MTBE
2.1 Background
In order to understand why MTBE has recently become a growing concern in water
quality, it is important to know the purpose ofMTBE, the extent of its use, and
health effects that may be associated with its use. This section will describe the
mandated use ofMTBE in fuels and where it is mandated. The current and future
production ofMTBE will also be described. Finally, the possible health effects of
MTBE will be described and how these effects have lead to drinking water
regulations.
2.2 Clean Air Act
MTBE was first introduced in the 1970's as an octane booster in gasoline.
Currently, MTBE is used primarily as a oxygenated fuel additive. Figure 2.1 shows
the molecular formula ofMTBE. The presence ofoxygen promotes a more
complete combustion in automobiles.
5
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Figure 2.1: Molecular structure of Methyl tert-Butyl Ether
The Clean Air Act Amendments of 1990 (CAAA) mandates the use ofoxygenated
fuels, fuels that contain an oxygenated additive such as MTBE, in areas that exceed
the National Ambient Air Quality Standard (NAAQS) for carbon monoxide or
tropospheric ozone. These areas are termed nonattainment areas.
The CAAA mandates that nonattainment areas must participate in a reformulated gas
(RFG) program. The CAAA developed two programs which mandates the use of
oxygenated fuels. These programs are the winter program for those areas that
exceed the limit for CO, and the year round programJor those areas that exceed the
limit for 03. The winter oxygenated fuel program mandates that gasoline must have
an oxygen content of2.7% by weight, oxyfuel. This fuel must be used during the
winter months when CO concentrations in air are high due to cold starting
automobiles. When an engine is cold, complete combustion cannot be attained.
Oxygen present in the fuel aids in complete cOIl?bustion ofgasoline to CO2 rather
than CO, a product of incomplete combustion. The year round program mandates
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that fuel must have an oxygen content of2% by weight for ozone nonattainment
areas (U.S. Code, 1990).
Table 1.1 shows the components ofconventional gasoline compared to oxyfuel and
reformulated gasoline. As one can see, MTBE is the single most important
constituent ofoxyfuel and RFG. It is present as 11-15% by volume compared to all
aromatics that are present by 23-25% by volume.
Table 1.1 Comparison of Conventional Gasoline to RFG and Oxyfuel (Wark,
1998)
IIFuel Parameter Values (national basis)
1 1 Oxyfuel 1
r·········································· c'o'iiventionaf'G'a's'oiiii'e' "'Gas'oii'of' '(if'wt"%"Oxygeii) 'Phas'e"f'R'F'G"~
Average1 i Range2 Average Average Average
T905 (OF) 332 286-369 316 318 316
i Aromatics (%\101) 28.6 6.1-52.2 23.9 25.8 23.4
Olefines (%vol) 10.8 0.4-29.9 8.7 8.5 8.2
Benzene 1.6 .1-5.18 1.6 1.6 1( w.w·······(%·vol) w · ··········· ..···"(f·3nl"axy·····1
Sulfur 338 10-1170 305 313 3021·······························C"iipm) _.w••••••••••••••••••••••••••• ••• .. •••••••••• ..·(~f6omaxf·..·!
. MTBE4 . 0.1-13.8 15 11.
r-··························(voio/~)························r························· ·········(7j3·~·1"5f·······1
. EtOH4 -- 1 0.1-10.4 10 7.7 5.7.r ..·''''.''.''''''..--''.''.(vojO/~) --"""···,,""·"·"·r"""--·----,,·,,,,··,," "--."....""."..,,. .."""--..."""--"""""..",,.,,... --""14::·3::fO)""""!
1As defined by the Clean Air Act
21990 MVMA Survey
3Reid Vapor Pressure: Winter (W) higher than Summer (S) to maintain vehicle perfonnance
40xygenate concentrations shown are for separate batches of fuel; combinations ofboth
MfBE and ethanol in the same blend can never be above 15 volume percent total
5Temperature at which 50 or 90 percent evaporates, based on a standard test
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\As ofJuly 2, 1998, 10 areas were required by the CAAA to participate in the RFG
program. These areas are Los Angeles, San Diego, Hartford, New York City,
Philadelphia, Chicago, Baltimore, Houston, Milwaukee, and Sacramento. Other
areas also participate in the RFG program as a voluntary "Opt-In" area. These areas
include the entire states ofConnecticut, Delaware, Washington D.C., Massachusetts,
New Jersey, Rhode Island, and some areas ofKentucky, Maine, Maryland, New
Hampshire, New York, Texas, and Virginia (USEPA, 1998).
2.3 Production
An oxygen content of2.7% by weight in oxygenated fuel correlates to a MTBE
content of 15% by volume. In 1994, fuel oxygenates were added to 30% ofgasoline
used in the United States. It is projected that oxygenates will be added to 70% of
gasoline by 2000 (Chang, 1998).
The CAAA does not designate a specific oxygenate that must be used in RFG. The
two commonly used oxygenates are ethanol and MTBE. However, MTBE is the
most frequently chosen oxygenate due to its chemical properties. MTBE is used in
over 80 percent of oxygenated fuels (USEPA, 1998). MTBE is produced at gasoline
refineries and be mixed and distributed with gasoline. Ethanol cannot mix with
gasoline at gasoline refineries and must be added at the gas pump. This means that
use ofethanol would require all gas pumps to be retrofited to accommodate ethanol
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addition. Ethanol cannot be mixed with gasoline for two reasons. First, if stored for
a long period oftime, the ethanol will separate from the gasoline. Second, ifthe
ethanol gasoline mixture comes into contactwith water or water vapor, the ethanol
will absorb the water making the gasoline unusable.
Approximately 6.2 billion kilograms ofMTBE was produced in 1994. In 1995,
production increased to 21 billion kilograms making it the second most widely
produced organic chemical in the United States (Chang, 1998).
2.4 Health Effects
Presently, there is limited information 'pertaining risks ofexposure to MTBE. Some
people have reported symptoms ofheadaches, dizziness, and nausea. However,
these symptoms have not been replicated in exposure studies. It should be noted that
this lack ofreplication cannot be grounds to dismiss these symptoms. Further
research into these reported affects is ongoing. The following is a summary oftests
reviewed by the U. S. EPA Drinking Water Advisory for MTBE (USEPA, 1997)
2.4.1 Cancer Effects
There are presently no studies on humans regarding carcinogenicity. However,
studies were conducted on animals. These studies, however, cannot accurately
predict cancer effects on humans. The Advisory states that data proves that MTBE is
9
potentially cancerous at high concentrations. However, the data does not establish
an actual level at which MTBE exposure could be cancerous.
Studies were conducted on laboratory rats for inhalation and oral exposure.
Although all studies resulted in cancerous tumors in the animals, they presently
cannot be extrapolated to effects on humans. For oral exposure studies, MTBE
mixed in oil was administered to the rat. This exposure caused a combined leukemia
and lymphomas in female rats. However, extrapolating these results to risks in
humans is limited because it does not accurately show the effects ofMTBE in
drinking water at low concentrations.
Inhalation studies were also conducted on rats. The results of these studies show an
increase in combined renal tubular adenomas and carcinomas in malerats. Although
these tests prove that there is a potential cancer risk for humans, they cannot be
extrapolated to actual exposure rates due to a lack of an accurate pharmokinetic
model to convert a long term inhalation exposure to an equivalent oral exposure of
MTBE.
2.4.2 Noncancer effects
Studies of noncancer effects ofMTBE consisted of inhalation studies on humans,
inhalation studies on animal, and oral exposure studies on humans. Inhalation and
oral exposure studies on humans, however, concentrated only on taste and odor
thresholds ofMTBE in water. Tests on tastes and odors showed a variance of
10
sensitivity to MTBE. Some people were able to detect very low concentrations of
MTBE in water, while others could not detect high concentrations. The Advisory
also noted that chemicals present in the water could also mask the taste or smell of
MTBE. Although tests were not extensive enough to establish a population
threshold response to MTBE, the Advisory set a range of20 - 40 /lg/L MTBE or
below.
In animal studies ofnoncancer effeGts, research shows that inhalation at high doses
may have adverse effects on a developing animal fetus. However, the Advisory
concludes that exposure to low concentrations ofMTBE may not pose a threat to the
reproductive process.
Although studies cannot accurately quantify and actual level where risk is apparent,
the Advisory has concluded that MTBE may potentially pose cancer and noncancer
risks to humans. More studies must be conducted in order to assess the actual risk
that MTBE poses to humans. As of 1998, the EPA has added MTBE to its Drinking
Water Contaminant Candidate list. However, no determination has been made in
regards to regulating MTBE due to limited information on toxicity.
11
2.5 Drinking Water Regulation
In 1997, The U.S. EPA Office of Water issued a Drinking Water Advisory for
MTBE. The Advisory recommends that drinking water should contain a level of
MTBE below 20 - 40 Jlg/L. This level was chosen in regards to taste and odor as
well as protecting the consumer against toxic effects ofMTBE (USEPA, 1997).
Since it is just an advisory limit, it is non-regulatory. This is due to the lack of
information pertaining to health risks. The EPA has decided to hold offon
regulating MTBE until its toxicity can be established.
12
Chapter 3
MTBE Occurrence in Water
3.1 Background
MTBE has become. a recent problem in drinking water supplies due to its unique
chemical and physical properties. MTBE behaves in air, water and soil unlike any
other common organic contaminant. Traditional treatment techniques used for most
organic compounds do not work effectively for MTBE removal. Chapter 3 will deal
with MTBE's chemical and physical characteristics and how they affect its behavior
in water. Chapter 4 will deal with the effectiveness oftraditional remediation
techniques.
3.2 Chemical and Physical Characteristics of MTBE
Table 3.1 shows chemical and physical characteristics ofMTBE compared to
benzene and trichloroethylene (TCE), two common organic contaminants. Of
particular importance are the Kow, Henry's Law constant, and aqueous solubility.
The Henry's Law constant for MTBE is much lower than that of the others. Also,
MTBE is much more soluble in water than Benzene and TCE. This means that
MTBE has a high affinity for the water phase. Finally, the Kow value for MTBE is
relatively low. Therefore, MTBE would not readily partition into soil and would
13
tend to stay in aqueous phase. These parameters all show thatMTBE could be
persistent in water.
Table 3.1: A Comparison of Physical and Chemical Characteristics ofMTBE,
Benzene, and Tricholorethylene (Squillace et al., 1996;Schwanzebach et al.,
1992)
MTBE Benzene Trichloroethvlene
Molecular Formula CSH120 C6H6 C2HCb
Molecular Weiaht 88.15 78.1 131.4
Boilina Point fC) 55.2 80.1 87
Density (a/mL at 20°C) 0.74 0.877 1.464
VaDor Pressure (atm) 0.316 0.126 0.098
Henry's Law Constant 0.528 to 3 10.715 5.495
(L-atm/mol)
Log Kow 0.94 to 1.3 2.12 2.42
Aqueous Solubility 51,260.00 1,789.17 1,310.00
(ma/U
3.3 Surface Water
3.3.1 Source
There are five mairrpathways ofMTBE contamination to surface water: aquatic
recreational vehicles, precipitation,contaminant spill, runoff, and groundwater
recharge. Lakes used for recreational and transport purposes were found to have
higher MTBE concentrations in the summer and in the vicinity ofboating activity or
docking areas than areas of little or no motorized boating activity (Reuter, et. aI,
1999). Concentrations tend to be higher in the top layer due to limited transport of
MTBE within a stratified lake. High concentrations ofMTBE in a lake would
14
represent contamination of aquatic vehicles or a contaminant spill. Low
concentrations ofMTBE may be a result ofprecipitation or runoff (Squil~ace, et aI.,
1998).
3.3.2 Fate
MTBE concentrations in surface water are typically low due to volatilization.
Volatilization is a function ofconditions ofthe surface water such as mean flow
velocity, mean flow depth, ambient temperature, and wind speed. Pankow and
others found that MTBE volatilizes at rates similar to BTEX compounds in slow
moving deep flows. However, in shallow fast moving flows, BTEX compounds
would volatilize much faster than MTBE (pankow, et. ai, 1996).
3.3.3 Concentrations, Occurrences, Amount
Due to the recent introduction ofMTBE as a water contaminant, there are few
studies pertaining to the occurrence MTBE in surface water. Due to its extensive use
in Southern California, MTBE has been detected in a number of lakes in the area as
shown in Figure 3.2. Ranges ofMTBE concentrations given are particular to areas
around motorized aquatic activity where MTBE concentrations would be higher.
They are not representative of concentrations found on the whole body ofwater.
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Table 3.2: MTBE Ranges in Surface Water due to Aquatic Recreational
Vehicles (Source: Reuter, et. aI., 1999)
MTBE Range (1lg!L) Comments
Lake Perris, CA 25 Maximum Concentration
Shasta Lake, 9-88 Hydropower and recreational-
CA use reservOir
Temporary 50-60 Constructed in CA for a jet ski
Lake competition
Lake Tahoe, 20-25 Vicinity ofboating activity
CA
The Department ofHealth and Safety in California is required to monitor for MTBE
in all public drinking water systems. Figure 3.2 is a list ofranges found in California
surface drinking water supplies. Although these concentrations are all below the
EPA Advisory level, California recently set a secondary drinking level standard of5
ppb with an advisory "action level" of 13 ppb (Lovett, 1998).
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Table 3.3 Reported Detection of MTBE in Surface Water'
Sources of Drinking Water: California (Source: DHA, 1999)
Los Angeles X X X X X XCounty
Riverside
•County
San Diego
III 1lIIIIII_ • •County
Almeda ... -. • •
County
o
3.4 Ground Water
3.4.1 Source
2 4 6 8 10 12
MTBE Concentration (ppb)
14 16
Contamination sources for MTBE in groundwater can be estimated from its
concentration in ground water. High concentrations (> 30Jlg/L) can usually be
attributed to a point source while low concentrations (0.2 - 3Jlg/L) ofMTBE can be
attributed to nonpoint sources (Squillace, et aI., 1998).
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The most probable point source contamination is due to a leaking underground
storage tank. In point source contaminations, plumes generally occupy a large
volume ofthe aquifer compared to BTEX compounds. This is due to MTBE's high
solubility in water and its low Kow coefficient. These characteristics allow a higher
amount of dispersion with less sorption into the soil matrix. The most probable
nonpoint sources are precipitation and runoff.
3.4.2 Fate and Transport
Once in groundwater, MTBE moves at roughly the velocity ofwater. Also, MTBE
does not sorb into soil. Th.is is the primary reason why MTBE plumes occupy a
greater area thanBTEX compounds. BTEX compounds tend to sorb onto soil,
slowing its movement in subsurface environment.
Mechanisms ofbiodegradation ofMTBE in soils are not clearly understood although
MTBE is clearly less susceptible to biodegradation than the BTEX compounds.
There is little information relating to field studies ofbiodegradation ofMTBE. Most
studies agree that there is little natural biodegradation. In laboratory studies, Yeh
and Novak found no MTBE degradation under anaerobic conditions in lab
microcosm studies (Yeh, 1994).
3.4.3 Concentrations, Occurences, Amount
Several studies have been conducted to monitor the presence ofMTBE in
groundwater aquifers. The most extensive study to date is that of Squillace and
18
others (Squillace, et. al., 1996). MTBE was the second most detected groundwater
contaminant after chloroform. MTBE detection was more frequent in urban areas
and in shallow groundwater. Ofthe urban wells tested, 93% had concentrations less
than 20 Jlg/L. This indicates that MTBE occurrence is probably from a nonpoint
source such as runoffor precipitation.
Although MTBE has been detected in wells throughout the U.S., CalifOrja has the
largest problem. This is due to the extensive use ofRFG gasoline in Southern
California. Ground water is the major source of drinking water for California.
Recently, Santa Monica had to close several of its wells due to MTBE
contamination. These wells constituted more than 70% of the city's water supply
(Lovett, 1998). The Department ofHealth and Safety must monitor all public
drinking water supplies for MTBE. Table 3.4 shows the range ofconcentrations
detected in groundwater sources ofdrinking water. The ranges of concentrations
detected are much higher than that detected in surface water. This is due to the lack
oftransformation pathways available in a subsurface environment. Detection levels
range from 0.1 - 610 Jlg/L which indicate that the source ofMTBE is from point and
nonpoint sources. MTBE was detected most frequently and at the highest
concentrations in Los Angeles County which houses the city ofLos Angeles, second
largest city in the United States. MTBE is clearly a problem in groundwater sources
due to its high solubility, low Kow, and resistance to degradation. MTBE's physical
and chemical characteristics make it unlike any other conventional organic
19
contaminant. Therefore, it behaves unlike any other contaminant. In Chapter Four,
it-will be shown how MTBE's unique qualities complicate its removal using
traditional remediation techniques.
Table 3.4:Reported Detection of MTSE in Groundwater Sources of
Drinking Water: California (Source: DHA, 1998)
EIDorado County
• ......._- . ........
Los Angeles
County •• 000 0 .-...cD eel . ••••••
Orange County
Sacramento
County
••
x
• • • •
Yuba County
0.1 10
MTBE Concentration (uglL)
20
100 1000
Chapter 4
Conventional Technologies for Removal ofMTBE
4.1 Introduction
As explained in Chapter 3, MTBE's physical and chemical characteristics make it
unlike any other organic contaminant. These characteristics lead MTBE to be very
persistent in water. These same characteristics also make MTBE very hard to
remove using conventional removal technologies for organic chemicals. This
chapter will explain why most conventional techniques such as granular activated
carbon adsorption, air stripping, and bioremediation are not efficient at removing
MTBE. Experimental technologies such as ultraviolet/peroxide oxidation will also
be discussed.
4.2 Activated Carbon Adsorption
4.2.1 Kow and Solubility
MTBE does not partition well out ofwater and into organic carbon due to its low
Kow and high solubility. The concept of activated carbon adsorption is based on the
theory of"like likes like." Typical organics such as the BTEX compounds are
hydrophobic and partition readily into the organic phase as is represented by their
high Kow values and low solubilities. Therefore, they readily partition out ofwater
into activated carbon, which is mostly organic.
21
· The structure ofMTBE is what lends to its high solubility in water. The structure of
an ether is similar to that ofwater with organic honds in place of hydrogen bonds.
Ethers have an R - 0 - R structure where water has an H - 0 - H structure. This
similarity gives an ether relatively the same structure and tetrahedal bond angle as
water (McMurry, 1996). Since MTBE has such a high solubility, it does not
partition readily into the organic phase.
4.2.2 Removal Efficiency Compared to Benzene
Although MTBE can be removed by activated carbon adsorption, it is not efficient.
GAC has a low adsorption capacity for MTBE causing MTBE to break through quite
rapidly. Therefore, MTBE removal using GAC would only be cost effective if
concentrations were very low.
Breakthrough times were calculated for the adsorption ofMTBE and Benzene on
activated carbon using the following equation:
Eqn4-1
The breakthrough time was found using the Freunlich Isotherm. The isotherm
constant K and 1/n were taken from the literature (Speth and Miltner, 1990). Table
4.1 compares the breakthrough time ofMTBE compared to benzene with varying
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(1/n)MTBE= 0.428
(1/n)Benzene = 0.5333
KMTBE = 218 (ug/g)(Uug)1/n
KBenzene = 1260 (ug/g)(Uug) 1/n
influent concentrations. To find the breakthrough time, certain parameters were
assumed. These parameters are also given in Table 4.1. MTBE breaks through
much sooner than benzene. The adsorption efficiency is reduced by about 85-90%
.for MTBE, which is in agreement with the literature (Seyilla, et. aI., 1997)
. \
Table 4.1 Theoretical Breakthrough Times for MTBE and Benzene
Theoretical Breakthrough Times for MTBE and Benzene
Assumptions:
Favorable Isotherms, Self Sharpening Type Breakthrough
Q =4 X 106 Uday
Cin = Variable
Ce= 0 ppm
Bulk Density GAC = 5 X 108 ug/L
porosity = 0.45
Depth = 4m
Area = Pi m2
Benzene MTBE Reduction in
Breakthrough Breakthrough Adsorption
C1nppb Time (days) Time (days) Efficiency
5 297.26 43.41 85.40
8 238.71 33.18 86.10
9 225.94 31.02 86.27
10 215.10 29.20 86.42
20 155.65 19.64 87.38
30 128.82 15.58 87.91
40 112.63 13.21 88.27
50 101.49 11.63 88.54
75 83.99 9.22 89.02
100 73.44 7.82 89.35
125 66.18 6.89 89.59
150 60.78 6.20 89.79
200 53.14 5.26 90.10
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4.3 Air Stripping
4.3.1 Henry's Law Constant, Solubility
Air Stripping, like carbon adsorption, is a separation technique where organics are
removed from aqueous phase into the vapor phase by use of the principle ofHenry's
Law. Since MTBE has such a high affinity for water, air stripping is also very
inefficient. The Henry's Law constant for MTBE is between
0.000528 - 0.003 m3-atm/mol. This constant is relatively lower than many organic
contaminants thus reducing the efficiency of air stripping. Although air stripping is
much more cost efficient than activated carbon adsorption, the addition of off-gas
treatment can greatly increase the cost.
4.3.2 Removal Efficiency Compared to Benzene
The removal efficiency ofMTBE compared to benzene in an air stripping process
was found using air/water ratios. For the calculation ofthese ratios, it is assumed
that there are two equal volumes ofMTBE and Benzene with equal concentrations in
separate closed systems. The air water ratio was found by calculating the volume of
air required in the closed system to reduce the aqueous equilibrium concentration to
30 ~g/L. The following equations were used:
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P =H*Cg e
P n-g-=~=C
RT V e,
g
V
Air /WaterRatio =~
Vw
Eqn4,;,2
Eqn4-J
Eqn4-4
Eqn4-5
The Results ofthe air/water ratio calculations for various initial concentrations for
MTBE compared to Benzene are given in Table 4.2. Benzene consistently requires
11 times less air to reach equilibrium than MTBE.
25
Table 4.2: Theoretical AirlWater Ratio ofMTBE Compared to
Benzene
Theoretical AirlWater Ratio for Air Stripping Process
Volume Water = 1m"
MTBE
Henry's Constant = 5.28 X 10-4 atm-m3/gmol
Equilibrium Concentration in gas =7.35 X 10-6 mol/m3
Benzene
Henry's Constant = 5.90 X 10-3 atm-m3/gmol
Equilibrium Concentration in gas =8.21 X 10-5 mollm3
I MTBE Benzene
Aqueous Phase AirlWater Ratio
CI ppb CePpb Ratio Ratio MTBE/Benzene
100000 30 154328.60 13813.515 11.17
10000 30 15391.18 1377.6208 11.17
1000 30 1497.44 134.03131 11.17
500 30 725.56 64.943006 11.17
250 30 339.62 30.398854 11.17
100 30 108.06 9.6723625 11.17
90 30 92.62 8.2905965 11.17
80 30 77.19 6.9088304 11.17
70 30 61.75 5.5270643 11.17
60 30 46.31 4.1452982 11.17
50 30 30.87 2.7635322 11.17
40 30 15.44 1.3817661 11.17
4.4 Bioremediation
Currently, theEe is limited information pertaining to actual field studies of in-situ
bioremediation. However, laboratory scale studies show that bioremedation may be
viable under aerobic conditions (Mo, et.al. , 1997), However, the degradation of
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MTBE is limited to certain conditions; For example, bacteria isolates require a
nutrient rich medium. Growth ofthe bacterium requires a primary substrate such as
isopropanol, acetone, orpyruvate. However, degradation ofMTBE was decreased in
the presence ofthese primary substrates.
Yeh and Novak conducted tests on anaerobic degradation ofMTBE (Yeh and
Novak, 1994). MTBE did not degrade under anaerobic conditions. MTBE was only
found to degrade under methanogenic conditions in soils low in organic content with
a pH between 5.0 and 6.0. The degradation ofMTBE under these conditions was
still very slow compared to TBA under the same conditions.
4.5 Advanced Oxidation Methods
Advanced oxidation processes such as Fenton's reaction, OzonelUltraviolet,
ozone/peroxide, and UV/peroxide are currently being studied for MTBE destruction.
Although these methods can destroy MTBE, requirements on pH, chemical additions
and high capital investment may prevent them from wide adaptation in water
treatment. Yeh and Novak studied the degradation ofMTBE using the addition
H202 and Fe(II), Fenton's reaction (Yeh and Novak, 1995). MTBE was successfully
degraded to TBA and Acetone. However, the system depended highly on the
concentration ofH202 present and the pH. MTBE was found to degrade when the
pH was below 6.5. The optimal pH for oxidation to occur was found to be 4.5. The
research did note that others found the optimal pH to be around 2. A technique is
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needed that does not require the addition ofchemicals, but still effectively degrades
MTBE under a variety ofconditions.
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Chapter 5
An Innovative Method: Solid Acid-Catalyzed
HydrolysislDehydrogenation
5.1 Background
In order to determine how to remove MTBE from water, it is important to first
understand the nature ofMTBE. As mentioned in Chapter 4, MTBE has roughly the·
same geometry as water such that it has approximately a tetrahedral bond angle.
Therefore, MTBE "likes" water in that it is very soluble and very persistent.
Consequently, traditional separation techniques for hydrophobic compounds will not
apply in this case.
Ethers, in general, are unreactive compounds in that they are stable towards bases,
oxidizing, and reducing agents. Classic organic chemistry suggests that ethers
undergo only one reaction, cleavage by strong acids (McMurry, 191,6; Morrison and
Boyd, 1992). Therefore, it would be logical to attempt this tech~e in the removal
ofMTBE in water. However, the use of a water-soluble strong acid would not be
applicable in drinking water due to obvious obstacles such as a strongly acidic
effluent and the potential corrosion ..9fpipes.
It would be beneficial to use a strongly acidic water-insoluble solid material which
may serve as a catalyst for MTBE transformation. An extensive literature search
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suggests that Nation may prove promising for this purpose. Nation is a
perfluorosulfonic acid resin with terminal sulfonic acid groups. The exact structure
and nature ofNation will be described in Chapter 6. Nation has been utilized in a
number,of synthesis reactions including the synthesis ofMTBE.
In this section, the synthesis ofMTBE over solid acid catalysts and how they relate
to the degradation ofMTBE. Second, the process ofdegrading MTBE over a solid
acid catalyst will explained along with a potential reaction mechanism.
5.2 MTBE Synthesis over a Solid Acid Catalyst
MTBE is usually synthesized from methanol and isobutene. It is commonly
produced over solid acid catalysts. Common catalysts used are Amberlyst 15,
Nation, and other sulfonic acid ion-exchange resins. However, it is hard to correlate
these studies to the degradation ofMTBE in water. This is due to a major difference
in conditions. First, most reactions occur in the vapor phase or in the liquid phase
where only pure reactants are present. Second, most tests are conducted at high
temperatures and pressures. A study ofdilute concentrations ofMTBE in water at
ambient conditions is quite different from these studies.
Some inferences can be made from the tests of pure reactants at high temperatures
and pressures that can be related to the degradation ofMTBE in water. All of the
studies found that the synthesis reactions ofMTBE from isobuteneand methanol
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over a solid acid catalyst are reversible reactions (Nunan, et. aI., 1993). Also, some
studies found that the strength ofthe solid acid was reduced with the presence of
cations such as Na+ (Ancillotti, et. aI., 1978). Finally, perfluorocarbonic backbone
and sulfonic acid groups ofnafion was found to adsorb organics such as methanol,
ethanol, I-propanol, 2-propanol, and I-butanol (Nunan, et.a1., 1993).
5.3 Objective of this Research: Removal of MTBE over a solid acid
catalyst
Currently, there is no indication that the degradation of dilute MTBE over a solid
acid catalyst has previously been studied. However, this process will be proven to be
an effective way to efficiently breakdown MTBE into tert-butyl a1chohol (TBA),
isobutene, and methanol. Also, it will be shown that acetone is a product of an
oxidation reaction.
The heterogeneous catalyst reaction, in this case solid and aqueous phase, consists of
three steps. The first step is the adsorption ofMTBE onto the active site. Once
adsorbed, the MTBE undergoes a transformation reaction to produce the degradation
products. Finally, the degradation products are desorbed from the solid phase back
into the liquid phase.
Figure 5.1 shows the proposed reaction scheme for the degradation ofMTBE. There
are two competing reactions occurring. The first reaction is a hydrolysis reaction
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catalyzed by acid to form TBA and methanol. The second reaction is a
dehydrogenation reaction to produce isobutene and methanol. These reactions are in
accordance to hypothesized reactions ofthe acid cleavage ofMTBE (Morrison and
Boyd, 1992) as well as MTBE synthesis reactions found in the literature (Feeley et
aI., 1995). Although acid cleavage ofMTBE theoretically should only produce
isobutene and methanol, it is hypothesized that TBA will also be produced due to the
presence ofwater. TBA has been shown to be formed over a solid acid from
isobutene and water (Cunill et aI., 1993).
Methyl Tert Butyl Ether
CH3
I
CH3 - C - 0 - CH3
I
CH3
Tert Butyl Acohol
CH3
I
CH3 - C - OH
I
CH3
Methanol
Isobutene
CH3
'-
C = CH2CH
3
./
Methanol
+ CH30H
Figure 5.1: Proposed Reactions for Hydrolysis/Dehydrogenation ofMTBE over
Nation
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Chapter 6
Nafion:A Polymeric Organic Solid Acid
6.1 Structure
Nation is a perfluorinated ion-exchange polymer produced by Dupont. The structure
ofNation consists of a hydrophobic region consisting ofa fluorocarbon backbone
and hydrophilic region consisting of sulfonic acid groups. The structure ofNation is
shown in Figure 6.1.
[(CF2CF2)a-- (CFCF2)]x
I
a
I
CF2
I
F-C--CF CF --so HI 2 2 3
CF3
Figure 6.1: Structure of Nafion
Nation was chosen due to its high acidity, mechanical, and thermal strength. It is
also very selective. Nation's Hammett acidity, Ro, is roughly -12 which is
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equivalent to 100% H2S04 (Waller and Van Scoyoc, 1987). Nafion is also able to
maintain a high acidity when hydrated. Conversely, other solid acid catalysts such as
Amerlyst 15 exhibit a decreased acidity when hydrated due to the protonation ofacid
sites by water (Cunill et aI., 1993).
Four different forms ofNafion were used for this research: Nation NR50, Nation
417 Perfluorinated Membrane, Sand Coated Nation, and Nafion SAC 13. The four
forms ofNafion varied from a nonporous Nafion NR50 to a highly porous Nation
SAC 13. The forms also varied in percent Nation from 100% Nafion to 7% Nafion.
6.2 Nation NR50
Nation NR50 was the first form ofNafion in the W form developed by Dupont.
Nafion NR50 consists of 100% Nation and is nonporous. The average surface area
is less than 0.02 m2/g. The low surface area and high percent Nafion gives rise to
slow reaction rates and high adsorption oforganics. Slow reaction rates are due the
nonporous nature ofNation. Most of the acidic active sites ofNation are buried
within the nonporous bead. Therefore, a more porous form ofwas sought in order to
increase the availability of reaction sites. Also, a decrease in the percent ofNafion
on the catalyst will decrease the amount oforganics adsorbed onto the hydrophobic
backbone. An excessive amount ofadsorption could disrupt equilibrium due to the
lack ofdesorption of reaction products.
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6.3 Nation 417 Perfluorinated Membrane
The Nafion 417 Perfluorinated Membrane is Nafion coated onto a woven Teflon
fabric. The membrane is approximately 0.17 inches thick (Adrich, 1996). The
surface area and porosity could not be found for this membrane. But, it is assumed
that the surface area is higher than that ofthe NR50 beads.
6.4 Nation-Coated Sand
In an effort to increase the availability of the Nafion acidic sites, a form ofNafion
powder dissolved in alcohol was deposited onto sand particles. This was done in an
effort to deposit Nafion onto a more porous structure in the future. The steps in
attaching the Nafion to the sand will be explained in Chapter 7. However, it was
found that the Nafion did not bind tightly to the sand, and detached under low pH
conditions.
6.5 Nation SAC-13
Nafion SAC-13 is a highly porous nanocomposite ofNafion and silica. It is
produced using a sole-gel technique where dissolved Nafion is added during the
solidification process. Nafion SAC-13 has a surface area ofgreater than 200 m2/g
which is 104 higher than that ofNafion NR50. The -nanocomposite consists of 10-
20% Nafion. This form should prove to be the most efficient solid acid catalyst for
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two reasons. First, the highly porous network allows a greater availability ofactive
sites. Also, the amount of organic Nation backbone is decreased which decreases the
amount of organics adsorbed onto the resin. Therefore, reaction products should·be
desorbed more efficiently.
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Chapter 7
Experimental Methods and Results
7.1 Materials and M-ethods
7.1.1 Materials
Nation NR50 and Nation perfluorinated ion exchange powder in the fonn ofa 5%
weight in a mixed alcohol water system were available from Solution Technologies,
Inc. (Menden Hall, PA). Nation 417 perfluorinat~d membrane and Nation SAC-13
were available from Aldrich. Methyl tert-Butyl Ether, Tert-Butyl Alcohol, and
Acetone stock solutions were all ofHPLC grade and were available from Sigma-
Aldrich. The sand used for these experiments were a poor grade "playground sand"
purchased from a local hardware store.
Batch reaction bottles consisted of40 ml EPA vials with standard open top flat
siliconelPTFE septums and 100 ml serum bottles with aluminum crimp tops and
PTFE-faced red rubbler liners. Samples were collected and stored in 2 ml glass
sample vials with screw caps until analyzed.
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7.1.2 Analysis
Analysis was performed using a Tekmar 3000 Purge and Trap Concentrator
connected to a Shimadzu GCMS-QP500 gas chromatograph mass spectrometer fitted
with a DB-624 capillary column with a length of30 m and inside diameter of .25
mm. Analysis involved a temperature program under constant pressure.
It should be noted that the analysis was not sensitive to the detection of methanol or
isobutene. A large water peak masked the peaks ofboth these compounds. This
water peak also decreased the sensitivity of detection ofMTBE, TBA, and acetone.
In order to increase the sensitivity ofthese three compounds, the pressure was
increased to 50 kPa in the detector and the elution time ofwater was cut out of the
mass spectrometer detection. Therefore, the detection ofMTBE, TBA, and acetone
increased, but detection of methanol and isobutene had to be eliminated. This could
be fixed by adding a water vapor absorber prior to the inlet of the column. However,
time restricted us from using this technique for this research. Sensitivity ofTBA was
very low due to its nonvolatility and could only be detected at a range higher than
500 Ilg/L.· Acetone and MTBE could be detected a range as low as 50-70 Ilg/L.
7.2 Nation NR50
Experiments quantifying MTBE removal by Nafion NR50 were conducted using 40
ml glass vials with a screw top and PTFE lined septum. 3 grams ofNR50 beads
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were added to 20 ml of36.45 mgIL MTBE solution in water. The gl~ss vial was
placed in a batch rotator and was sampled at regular intervals.
7.2.1 Removal
Within the first 5 hours, 84% of the MTBE was removed from the solution. After
the initial 5 hours, removal leveled offand sustained a maximum removal at 86%.
Figure 5.1 shows the concentration ofMTBE in solution with time. The control test
consisting ofMTBE only with no Nafion showed almost no degradation ofMTBE.
Variations in concentration can be attributed to experimental error.
MTBE Removal with Nation NR50
Initial MTBE: 36.45 mglL
Nation NR50: 3g
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Figure 7.1: Removal ofMTBE by Nation NR50 Nonporous Resin
39
7.2.2 Sorption and Reaction
As mentioned previously, the catalytic reaction consists of initial adsorption of
MTBE onto the active site, transformation ofMTBE, and desorption of
transformation products. As can be seen from Figure 7.1, there is no evidence ofany
reaction products. Adsorption equilibrium was achieved within the first 5 hours.
This lack of reaction products can be attributed to two factors. First, the NR50 resin
bead is nonporous. Therefore, most of the active acid sites are buried within the
bead. Also, the backbone ofNafion is organic and exhibits the ability to adsorb
organics. Due to the high amount ofbackbone present in the beads, MTBE is either
absorbed and no reaction is taking place, or MTBE does react but the reaction
products are not desorbed. Neither ofthese is beneficial as will be explained.
Although the exact nature ofthe process cannot be determined, it would be
beneficial for the degradation products to be desorbed. This is beneficial because the
reaction is an equilibrium reaction. The build-up ofMTBE within the bead will
quickly reach equilibrium, which would not allow further reaction ofMTBE when
incorporated into a continuous-flow process.
One the other hand, if only adsorption ofMTBE is occurring without a reaction, this
will also lead to a quick breatkthrough ofMTBE in a continuous-flow process. An
isotherm for the adsorption ofMTBE on Nafion NR50 was developed to see how the
adsorption ofNafion NR50 compared to granular activated carbon. The isotherm
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was developed using varying initial concentrations ofMTBE and Nation. The
isotherm is shown in Figure 7.2. The K and lin valueswere found to be 70.5
(llg/g)(L/llg)lIn and 0.6897, respectively. These values are much lower than that of
GAC and would therefore not work effectively as an adsorber. Therefore, it is
necessary to explore other forms ofNation where the desorption step ofthe process
can be facilitated and the adsorption oforganics is reduced.
Nafion NR50: Freundlich lsothenn
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Figure 7.2: Freundlich Isotherm for Adsorption ofMTBE on Nation NR50
Resin Beads
7.3 Nation 417 Perfluorinated Membrane
Experiments quantifying MTBE removal by the Nation 417 Perfluorinated
Membrane were conducted using 40 mL glass vials with a screw top and PTFE lined .
septum. 3 grams ofNR50 beads were added to 20 mL of36.45 mg/L MTBE
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solution in water. The glass vial was placed in a batch rotator and was sampled at
regular intervals.
7.3.1 Removal
Within the first hour, 87% ofthe MTBE was removed from the solution. This is
much higher than the results using the Nafion NR50 where only 27% ofthe MTBE
was removed. This is probably due to the higher surface area ofthe membrane,
which would lessen mass transfer effects ofMTBE adsorption onto the membrane.
Removal continued to increase to 990./0 within 15 days. Figure 7.3 shows the
concentration ofMTBE in solution with time. The control test consisting ofMTBE
only with no Nafion showed almost no removal ofMTBE.
7.3.3 Sorption and Reaction
As with the Nafion NR50, the perfluorinated membrane showed little or no signs of
an MTBE reaction. Trace amounts of TBA were detected within 15 days. However,
this amount was too small to be quantified.
Sorption ofthe MTBE was much quicker than that of the NR50 beads. This is due to
the higher surface area ofthe membrane. However, the lack of evidence of
degradation products leads one to believe that the surface area is still not high
enough
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Figure 7.3: Removal ofMTBE with Nation 417 Perfluorinated Membrane
to facilitate transformation ofMTBE and desorption ofthe degradation products.
Although the surface area is higher for the membrane, there is still a large amount of
organic backbone available for sorption. This can be reduced by thinly coating
nation only a highly porous structure. By doing this, more acidic sites will be
accessible while limiting the availability ofthe organic backbone.
7.4 Nation Coated Sand
A solution of 5% weight Nation perfluorinated ion exchange powder dissolved in
alcohol and water under high pressure was used to coat Nation onto sand. As
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mentioned previously, it would be beneficial to have a thin layer ofNafion present
on a highly porous structure. Although sand is not porous, it was used asa starting
point to see if it was possible to add a thin layer ofNafion onto a support.
7.4.1 Synthesis
Nafion was coated onto sand by evaporation and deposition through a procedure
adapted from McClure and Brandenberger (Weaver et aI., 1992). The sand was first
cleaned by mixing it in a 3M HCI solution for 1 hour. The sand was thep filtered and
rinsed. This process was repeated three times. The sand was then put in an oven at
2000 C until dry. 15 g ofEthanol and 15g ofthe 5% weight Nafion solution was
added to 9.42 g of sand. 2 drops of37% weight formaldehyde were then added. The
formaldehyde is thought to be a bonding agent that attaches the Nation to the sand.
The mixture was put in an ultrasonic bath for 1 hour to insure proper mixing. The
mixture was then put under a vacuum chamber for two to three days until all the
liquid had evaporated. The Nation sand was then put in an oven at 500 C for two
hours. After drying, the Nafion turned dark purple in color. The dried Nafion sand
stuck together as a result of the evaporation process. It was ground apart using a
mortal and pestle. Finally, the sand was rinsed several times with distilled water.
There were several problems with the procedure described above. First, the
evaporation process took a very long time. Second, it was hard to tell whether the
Nafion was actually stuck to the sand or just fOI1I1ed a thin coat over the entire
volume of sand from evaporation. Finally, the bonding ofthe Nation was not very
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strong. When the Nafion sand was mixed in a beaker with 3M HeI, the Nafion
detached itself from the sand. However, since this coating process was not the focus
ofthe research, it was not investigated further.
7.4.2 Removal
The Nafion sand showed less amount ofMTBE removal than the membrane. This
could be do to several reasons. First, the sand consisted ofonly 7% Nafion. Second,
.the way that the formaldehyde acts to bond the Nation to the sand is to attach itself to
the activated acid sites. If too much formaldehyde was used, it may have limited the
amount ofactive sites available for MTBE transformation. Finally, there was less
organic backbone from the Nafion available for adsorption because it was present as
just a thin coat over the sand. Within the first hour, 70% ofthe MTBE was removed.
This amount of removal stayed relatively constant for 24 hours. The amount of
removal then increased to 92% within 8 days. There were trace amounts ofTBA
present at 8 days, however, they could not be quantified do to problems with the
analysis at the time.
The amount of removal with the sand is higher than that of the NR50 beads. This
can probably be due to a higher surface area. Also, since Nafion is present only as a
thin coating, mass transfer effects would be lessened. Figure 7.4 shows the amount
ofMTBE removed by the Nation sand with respect to time.
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Figure 7.4: Removal ofMTBE with Nation-coated Sand
7.4.3 Sorption and Reaction
As with the membrane, the Nafion-coated sand did not show any signs of reaction
until several days. Even after 8 days, only trace amounts ofTBA were detected.
However, as with the membrane, it seems that the initial sorption ofMTBE took
place within the first hour. For the first day, the amount ofMTBE removed stayed
constant, but the MTBE removal increased at eight days. This indicates that some
sort of reaction may have occurred. However, the reaction and desorption may be
slow.
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7.5 Nation SAC 13
As mentioned previously, it is believed that its low surface area limits the reactivity
ofthe Nafion. Recently, scientists have discovered a way to attach Nafion to-a
.;
highly porous silica matrix. The Nafion silica nanocompo~ite is formed by a sol-gel
,
technique (Harmer et aI., 1996). This technique forms a matrix where Nafion is
highly dispersed within the silica. Areas ofvery strong acid sites are readily
accessible in the highly porous silica network. Nafion SAC 13 consists of 10-20%
Nafion.
For these experiments, 3 grams ofNafion SAC 13 was added to 40 ml of72.76 mg/L
MTBE in water. The tests were prepared in 100 ml serum vials with a crimp top
septum. Tests were put in a batch rotator and sampled at regular intervals. Samples
were stored in 2 ml vials until analysis.
1.5.1 Evidence of Reaction
The results using the Nafion SAC 13 were quite different from those ofthe other
forms ofNafion tested. Degradation products were found within the first hour of
testing. The two products found were acetone and TBA. Figure 5.4 shows the
degradation ofMTBE with time as well as the concentrations ofTBA and acetone
with time.
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Figure 7.5: Tranformation ofMTBE with Nation SAC 13
Within the first hour, 58% ofthe MTBE was removed. Acetone was also detected
within the first hour. Both ofthese concentrations stayed constant for the next 103
hours. This indicates that equilibrium was achieved. TBA was not detected until 6
hours into the experiment. The concentration of TBA continued to rise until hour
103.
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Figure 7.6: Proposed Reaction Scheme for Acid Catalyzed Destruction of
MTBE. Solid boxes indicate positive confirmation of compound and dotted
boxes indicate tentative identification.
It was hypothesized in chapter 5 that TBA and isobutene would be the most likely
intermediates ofthe MTBE degradation through hydrolysis and dehydrogenation
reactions. Although isobutene was not detected due to problems with analysis,
acetone was detected. Acetone is a product of isobutene oxidation. The theoretical
reaction process thought to be taking place is shown in Figure 7.6.
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It is likely that there are two reactions taking place simultaneously. The first reaction
is a hydrolysis reaction with MTBE and water to yield TBA and methanol. The
second reaction is a dehydrogenation reaction with MTBE to yield·isobutene and
methanol. These byproducts are further reacted through dehydration and oxidation
reactions. TBA is thought to be be dehydrated to form isobutene and water. This
dehydration reaction has been proven in the presence ofa solid acid with TBA in the
liquid phase (Matouq and Goto, 1993). It should be noted that this reaction might
not be highly favored due to the presence ofwater as the solvent for this reaction
although it has been reported (Yeh and Novak, 1995; Barreto et aI., 1995). lsobutene
formed by dehydrogenation ofMTBE and dehydration of acetone can then be
oxidized to acetone and methanol.
As said in chapter 5, the process of catalytically degrading MTBE consists offirst
the adsorption ofMTBE on the acid site, second the transformation ofMTBE into its
reaction products, and finally the desorption ofthe reaction products. Figures 7.7
and 7.8 illustrate how this three-step process might occur. Figure 7.7 deals with the
hydrolysis ofMTBE to form TBA and methanol.
Step 1 involves the adsorption ofthe MTBE to the acid site is known to happen at
the oxygen atom of the MTBE. This occurs because the oxygen of an ether is basic
(Boyd, 1992). Step 2a in the reaction cleaves the MTBE at the oxygen position. The
hydrogen ion on the acid site then combines with the oxygen atom to form methanol.
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Step 2b step involves a reaction between a po~itively charged tert-butyl function
group and a protonated water molecule to form TBA. Step 3 is the desorption of
TBA and methanol.
•
Figure 7.8 illustrates the dehydrogenation ofMTBE to form isobutene and methanol
and the subsequent oxidation of isobutene to form acetone and methanol. The
adsorption ofMTBE to the acid site, Step 1, is the same as in the hydrolysis reaction.
The cleavage ofMTBE, Step 2a, to form methanol is also the same. The reaction
changes in regards to the protonated function group. To form isobutene, Step 2b, the
protonated function group loses a hydrogen· ion to an inactive site (a sulfonic site that
has lost it's hydrogen ion). A double bond is then formed between the two carbon
atoms.
Steps 4 and 5 involve the oxidation ofthe isobutene to form acetone and methanol.
First, isobutene is attacked by an oxygen atom to form an epoxide, Step 4. This
epoxide is unstable and will quickly form acetone and a protonated methyl group,
Step 5. The methyl group will then react with water to form methanol. It is
important to note that the exact nature ofthis oxidation is not clearly understood and
may involve other intermediate steps.
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Figure 7.7: Hydrolysis ofMTBE to TBA and Methanol
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Chapter 8
Thermodynamics ~nd Equilibrium of Reactions
8.11ntrodUCtiO~ . / . .
In chapter 7, expenmental eVIdence proved parts of the proposed reactIon scheme.
In this chapter, the reactions are analyzed to see if they are thermodynamically
~
feasible. After the viability of the reactions is found, the theoretical equilibrium
constant will be found for each reaction. Finally, a comparison oftheoretical
equilibrium compared to observed equilibrium will be discussed.
8.2 Gibbs Free Energy
8.2.1. Theory of Gibbs Free Energy
Gibbs free energy change is the total energy change in a reaction. It is a measure of.
the difference in free energy between products and the reactants. Ifthe Gibbs free
energy change, ~Go, is negative, the reaction is favored. If it is positive, the reaction
is not favored. The values of~Go can commonly be found in the literature for a
variety ofcompounds. Since MTBE is a relatively new synthetic compound, ~Go
could not be found and has to be calculated using the relationship of~Go to the
change in enthalpy, Mr', and the change in entropy, ~So, using the following
equation:
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Eqn 8-1
Mfl is called the heat of reaction and is a measure ofthe total bonding energy during
a reaction. Anegative Mfl indicates that the bonds ofthe reactants are more· stable
than the bonds ofthe products. LiSo is a measure ofthe disorder during a reaction. If
i\So is negative, the reactants have less disorder than the products. If i\So is positive,
it is said to be an entropy favored reaction. i\If and i\So are found using the
following reactions:
Mr = Mf; (products) - Mf; (reactants) Eqn8-2
Eqn 8-3
The values for MV and So for organic compounds can be found in the literature. A
table ofthese values for the compounds relevant to the reactions in this research are
given in Table 8.1.
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Table 8.1: Heats of Formation and Standard Molar Entropies (Source: Lide,
1974; Mallard, 1998)
COIllI)OlllHI
.1Ht SO
kJ/mol I.:J/Illol-K
Methyl tert-Butyl Ether
-313.6 0.2953
Tert-Butyl Alcohol -359.2 0.1724
lsobutene -37.5 0.194
Acetone -247.77 0.201
Methanol -239 0.126
Water -286.02 0.06996
Once it is determined whether .1Go is spontaneous, it must be related to the
equilibrium ofthe system. If more products are present than reactants, the reaction
will not be favored. Therefore, it is important that the equilibrium ofthe system is
taken into account. This is done by the following equation:
I1GIXn = I1G~m +RT In [Products] Eqn 8-4
[Reactants]
If I1Grxn is negative, then the reaction is favored given the concentrations ofproducts
and reactants.
8.2.2 Calculation of L\Grm for Proposed Reaction Scheme
Calculations were performed to theoretically determine if the reactions in the
proposed reaction scheme are possible. A I1Grxn was calculated for each reaction. It
was assumed that a given concentration of reactant, a range of 1OOO~31 1lg!L, could
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be reacted to a final concentration of30 Ilg/L. Initial concentrations ofproducts
were zero. ~Grxn was calculated for each starting concentration to get a range of
concentrations where LiGrxn is negative.
Figure 8.1 shows the range where the hydrolysis reaction QfMTBE to formmethanol
and TBA is favored thermodynamically. As one can see from Figure 8.1, the
reaction is favored only when the initial concentration ofMTBE is less than 400
Ilg/L. This is a very good result since MTBE concentrations in most groundwater
detection were less than 100 Ilg/L.
Figure 8.2 shows the range where the dehydrogenation ofMTBE to form isobutene
and methanol is favorable. The dehydrogenation is favorable for a lower range of
concentrations, less than 100 Ilg/L, than the hydrolysis reaction. It is important to
note that although it is favorable within a lower range, this has no effect on the
kinetics ofthe reaction..
For both Figures 8.1 and 8.2, the LiGrxn becomes less negative as concentration is
increased. This is because the concentrations are the initial concentrations. All final
MTBE concentrations were made to be 30 Ilg/L. As the initial concentration
increases, the final concentrations ofthe products increase which increases ~Grxn.
This is because it is a closed system. If an open or plug flow system were simulated,
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AGrxn should become more negative as the initial concentration of reactants
Increases.
AGrxn for the dehydration ofTBA to form isobutene shows that th~ reaction is not
favored ~nder a wide range of concentrations. This is due to the fact that water is
used as a solvent and is also a reaction product. However, this reaction should not be
discounted. It has been reported to occur in the literature under acidic conditions in
the presence of an oxidant (Barreto et aI., 1995).
The AGrxn for the oxidation of isobutene to acetone was not calculated. This is
because at the time ofthe research, it was not quite sure what the role ofoxygen was
in the reaction. Therefore, it was not clearly understood where to include the oxygen
and at what amount into the calculation.
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Figure 8.1: Gibbs Free Energy Change for Hydrolysis of MTBE to TBA and
Methanol: Closed System.
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Figure 8.2: Gibbs Free Energy Change for Dehydrogenation of MTBE to
Isobutene and Methanol: Closed System
8.3 Equilibrium
8.3.1 Theory ofKeq
The next step in proving the proposed reaction scheme is to see how closely the
Gibbs Free Energy calculations approximate the experimental data. From the
equation 8-4, one can see that if equilibrium is achieved, AGrxn is zero. It is then
possible to calculated the theoretical equilibrium constant Keq for the reaction using
the following equation:
AG~n =RTlnK
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Eqn.8-5
8.3.2 Calculation of Theoretical Keq
Using the ~Gorxn for all of the proposed re~ction equations, a theoretical Keq was
found using equation 8-5. Temperature was assumed to be 20°C. Table 8.2 shows
. the Keq coefficients calculated.
Table 8.2: Theoretical Equilibrium Coefficients for Proposed Reaction Scheme
MTBE+H 0 ~TBA+M OH 181 10
Reaction Theoretical Kt•q
e x2
MTBE -+Isobutene + MeOH 6.13 x 100{)
TBA -+ Isobutene + H2O 0.034
8.3.3 Experimental Keq
In Chapter 7, it was said that an equilibrium seemed to be achieved in tests using the
Nafion SAC 13. Therefore, it would be beneficial to see if this equilibrium achieved
experimentally is close the theoretical equilibrium. However, in the system there are
at least four reactions taking place at one time. With this amount ofdifferent
reactions taking place along with the limitations ofthe analysis, the system must be
limited to only one or two reactions: This can be done by taking the nature ofthe
reactions into account. Section 8.4 will deal with limiting the reaction ofMTBE and
its byproducts with Nafion.'
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8.4 MTBE Transformation under Anoxic Conditions
8.4.1 Elimination of Oxidation Reactions
As mentioned previously, it is important to limit several of the reactions taking place
in the MTBE/Nafion system in order to clearly observe one equilibrium reaction at a
time. In Chapter 7 it was explained that isobutene undergoes oxidation to form
acetone. Also, TBA, in oxic conditions, can dehydrate to form isobutene. Therefore,
an experiment was conducted under anoxic conditions to limit the reaction to
hydrolysis only.
In this experiment, the same procedures were used as previously, the water was
purged with nitrogen for 15 minutes in order to remove all oxygen from the system.
This water was purged previous to the addition ofMTBE so that no MTBE would be
purged from the system.
The results for this experiment are shown in Figure 8.3. As one can see, there was
very little acetone produced. This is to be expected with the absense ofoxygen. The
little amount produced can be accounted because not all of the oxygen may have
been removed from the system. A large amount ofTBA was also produced. This is
due to the lack of reaction pathways available in the anoxic condtions. TBA cannot
be dehydrated under anoxic conditions.
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MTBE Removal: Nation SAC-13: No Oxygen
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Figure 8.3: MTBE Degradation by Nation SAC 13 under Anoxic Conditions
8.4.2 Experimental Keq
The only reaction where Keq could be calculated for this experiment is for that of the
hydrolysis ofMTBE to form TBA and Methanol. Keq was calculated using the
concentration ofMTBE and TBA at 48 hours. The concentration of methanol was
assumed to be the same as TBA. Keq was found using the following equation:
K _ [TBAIMeOH]
eq - [MTBE]
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Eqn.8-6
The Observed Keq was found to be 5.32 x 10-4. This value is slightly higher than that
of the theoretical Keq of 1.81 x 10-4. This could be do to experimental error or
because there was a small amount of oxygen still in the system which may have
shifted the equilibrium because of other complimentary reactions. However, the
observed equilibrium is very close to that ofthe theoretical value.
This experiment under anoxic conditions proves two things. First, an equilibrium
was achieved. Second, acetone is only produced in oxic conditions thereby verifying
that acetone is produced by the oxidation of isobutene.
8.5 Qxic Conditions
An experiment was also conducted to see whether the reaction changed when the
system was saturated with oxygen. For this experiment, water was purged with pure
oxygen for five minutes.
The results of the oxic condition test can be seen in Figure 8.4. Another experiment
was conducted at the same time as the oxic condition test but under ambient
conditions. The anoxic, oxic, and ambient experiments all used an initial MTBE
concentration of36.37 mg/L. The results of the ambient test can be seen in Figure
8.5. These tests seem to show the same result. There was no improvement in the
,
reaction ofMTBE when excess oxygen was present. This is beneficial because the
addition ofoxygen in a treatment process would increase the cost of removal.
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MTBE Removal: Nafion SAC-13: Oxygen Excess
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Figure 8.4: MTBE Degradation over Nation SAC 13 with Oxygen Saturation
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MTSE Removal: Nation SAC-13: Ambient
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Figure 8.5: MTBE Degradation over Nation SAC 13: Ambient Conditions
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Chapter 9
Conclusions and Further Research
9.1 Conclusions
The removal ofMTBE over a solid acid catalyst was studied. The results ofthis
research demonstrate that MTBE can be transformed via hydrolytic and oxidative
pathways. The solid acid catalyst used was Nafion. This is the first research to
explore the use ofa heterogeneous catalyst for MTBE transformation in dilute
aqueous solutions. Previous research on the transformation ofMTBE was conducted
. at high temperatures and pressures. Also, MTBE feedstocks were at high
concentrations mixed in organic solvents..
All tests were conducted as batch tests. Nafion forms tested were Nafion NR50,
Nafion 417 Perfluorinated Membrane, sand coated Nafion, and Nafion SAC 13. An
adsorption isotherm was constructed for the adsorption ofMTBE onto Nation NR50.
Only Nafion SAC 13 showed signs of a reaction. Tests were conducted under anoxic
and oxic conditions using the Nafion SAC 13. From the tests, the following
conclusions were drawn:
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1. The backbone ofNation can adsorb organics. This may hinder MTBE
transformation in a continuous-flow process. The Freundlich isotherm shows
that the Nation NR50 is a less efficient adsorber than granular activated carbon.
2. The degradation ofMTBE over Nation SAC 13 is most likely due to two
competing reactions. The first reaction is the hydrolysis ofMTBE to form TBA
and methanol. The second reaction is the dehydrogenation ofMTBE to form
isobutene and methanol. Isobutene may further be oxidized to form acetone.
3. Tests conducted under anoxic conditions show that acetone is the product of an
oxidation r.eaction. This reaction is most likely the oxidation ofisobutene to
acetone. Tests conducted with excess oxygen showed no improvement in the
reactivity than in ambient conditions.
4. An equilibrium was achieved using the Nation SAC 13. The observed
equilibrium for the hydrolysis ofMTBE to form TBA and methanol is close the
theoretical equilibrium found using Gibbs Free Energy Theory.
5. The surface area and percent weight ofNafion plays a large role in the reactivity
ofthe acid groups. The Nafion NR50 was found to be unreactive while the
highly porous Nafion SAC 13 was found to be reactive. This is probably due to
the high percentage ofhydrophobic backbone for in the NR50. The backbone
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aids in sorption rather than transformation ofMTBE. The Nafion SAC 13 'has
less backbone and a greater amount ofacid groups available for MTBE
transformatIon.
..
6. It is possible to coat Nafion onto a highly porous structure. Possible structure
materials may be those commonly used in a fixed bed filter in water treatment
such as sand or granular activated carbon.
9.2 Further Research
Further research is needed in order to test the reactivity ofNafion under a variety of
conditions. The following tests need to be conducted:
1. Column tests to simulate a continuous flow process
2. The affect of competing ions on the reactivity ofNafion
3. The affect ofpH
4. Testing the byproducts ofMTBE degradation such as isobutene and TBA to
prove the proposed reaction scheme
5. Coating Nafion onto other porous structures such as granular activated carbon
6. Comparing the reactivity ofNafion to other solid acid catalysts
7. Radiolabeling MTBE in order to understand the reaction mechanisms and
possible surface interactions
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